Ocean tide is a periodic phenomenon of the rise and fall of the sea level that depends on the bathymetry and positions of the moon and sun relative to the earth. In the Okhotsk Sea, the ocean tide causes strong vertical mixing in the upper ocean, generating rich structures in summer SST with extraordinarily cold patches on Kashevarov Bank, along the Kuril Islands, northeast of the Terpeniya Peninsula, and inside Shelikhov Bay. The present study analyzes and synthesizes a suite of ship-board and satellite observations, and numerical simulations to investigate the ocean tidal cooling effect on summer sea fog over the Okhotsk Sea.
Introduction
The Okhotsk Sea is a semi-enclosed sea surrounded by the Sakhalin and Hokkaido Islands to the west, the Eurasia continent to the north, the Kamchatka Peninsula to the east, and the Kuril Islands to the south (Figure 1a ). It has a total area of 1.528 million km 2 and an average depth of 838 m with continental shelves and shallow banks along its margins. In winter, sea ice covers more than 80% of the total area, playing significant roles in formation of winter climate not only over the Okhotsk Sea but also downstream over the Bering Sea, Alaska, and North America [Honda et al., 1999] . In summer, sea fog is frequently observed over the Okhotsk Sea, for more than 50% of the time [Wang, 1985] . Fog often causes unusually cool air temperatures by reducing sunlight, affecting crops of agricultural products in coastal regions. Thick sea fog can also cause severe marine accidents. Therefore, it is important to investigate mechanisms for and the prediction of sea fog formation.
What creates such a foggy climate over the Okhotsk Sea, however, remains unclear because until now there has been a lack of adequate observational data and most of the atmospheric general circulation models (AGCMs) poorly reproduce low clouds including sea fog. One likely explanation for the foggy climate is a positive feedback between sea surface temperature (SST) and low cloudiness characterized by negative correlation: an SST decrease increases low cloudiness due to strengthened atmospheric stratification, reducing solar radiation at the sea surface and amplifying the initial cooling [Klein and Hartmann, 1993; Norris et al., 1998 ]. For fog formation, surface air temperature (SAT)-SST difference, an indicator of near-surface atmospheric stability, is often observed to be positive. Over the Yellow Sea, which is one of the most frequent occurrence regions of sea fog, for example, heavy sea fog events tend to take place when SAT is warmer than SST [Cho et al., 2000; Fu et al., 2006; Gao et al., 2007; Zhang et al., 2009 ]. In such regions, relatively cold SST stabilizes the lower atmosphere, making a favorable condition for sea fog formation. Recent limited atmospheric soundings over the Okhotsk Sea, however, suggest that a negative SAT-SST difference and strong surface wind enhance surface evaporation and increase moisture supply into the atmosphere, leading to a well-mixed atmospheric boundary layer and increase in low clouds and sea fog [Tachibana et al., 2008] .
While both ideas point to important roles of SST, it remains unclear how near-surface stability is involved in low cloud and sea fog formation over the Okhotsk Sea.
Another possibility for frequent fog formation over the Okhotsk Sea is the ocean tidal cooling effect, which is the focus of the present study. Figure 1b shows a weekly mean SST map in July 2007 derived from Advanced Microwave Scanning Radiometer for EOS (AMSR-E) measurements. Cold patches with minimum SST below 5ºC are found in the following regions:
Kashevarov Bank northeast of Sakhalin Island, the Kuril Islands at the southern edge of the Okhotsk Sea, northeast of the Terpeniya Peninsula, and Shelikhov Bay in the northeastern margin. Nakamura et al. [2000] show that strong vertical mixing at the Kuril Straits is enhanced by oceanic subinertial diurnal tidal flow intensified due to the effective amplification of topographically trapped waves and effect of topographic contraction. The intense tidal mixing occurs from the surface to the sill bottom and along the Kuril Islands, weakening oceanic stratification and bringing the cold subsurface water to the surface. On Kashevarov Bank, in situ observations by Rogachev et al. [2000] and Ono et al. [2006] reveal that the cold patch structure forms from the surface to the bottom of the shallow bank, with diurnal to fortnightly variations of tidal flow and water temperature. Although effects of ocean tidal mixing on water temperature and ocean current have been studied rather extensively, its influences on the atmosphere have not been sufficiently examined in the literature.
The present study investigates the ocean tidal cooling effect on the summer marine atmospheric boundary layer (MABL) and sea fog over the Okhotsk Sea in particular. Specifically, we construct a climatological map of sea fog occurrence and show its association with ocean tidal mixing, by synthesizing a suite of in situ and satellite observations, and high-resolution regional numerical simulations. Hereafter, "tide" always means "ocean tide", and seasons refer to those for the Northern Hemisphere.
The rest of this paper is organized as follows. Section 2 introduces the observational datasets and model used in the present study. Sections 3 and 4 investigate the atmospheric response to the tide-induced cold patches using observations and numerical simulations, respectively. Section 5 is a summary and discussion.
Data and model

Satellite observations
We analyze a suite of satellite observations of SST, sea surface wind, total cloud liquid water, and chlorophyll by several different sensors on different platforms. AMSR-E aboard the National Aeronautics and Space Administration (NASA)'s AQUA spacecraft, launched in May 2002, measures a number of important geophysical parameters including SST, surface wind speed, and total cloud liquid water [Wentz and Meissner, 2000] . We use the twice-daily product [Vazquez et al., 1998 ] and the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation (OI) SST version 2 available on a 1º x 1º grid [Reynolds et al., 2002] . For calculation of the SST climatology from the latter two datasets, we chose a period from January 1985 to December 2002.
The microwave scatterometer, SeaWinds, on the NASA's Quick Scatterometer (QuikSCAT) satellite measures daily surface wind velocity over the global ocean. It has revealed rich wind structures on shorter spatial scales around the world [Chelton et al., 2004; Sampe and Xie, 2007] . We use the monthly wind velocity product available from RSS from August 1999 to April 2007 on a 0.25º x 0.25º grid. et al., 2003] . We use monthly averages on a 0.25º x 0.25º grid.
In situ observations
We analyze historical ship reports in the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) release 2.4 [Worley et al., 2005] Locarnini et al., 2006] , available on a 1º x 1º grid at 24 vertical levels from sea surface to 1500 m deep.
Model design and experiments
The Weather Research and Forecasting (WRF) model version 3 with the Advanced
Research WRF (ARW) dynamic core [Skamarock et al., 2008] is used, in a domain that extends from 138ºE to 162ºE, 39ºN to 61ºN. It has a horizontal resolution of 15 km and 38 sigma levels in the vertical, of which 18 levels are placed below 2 km high. We chose the following set of parameterizations: the Yonsei University planetary boundary scheme [Hong et al., 2006] , the Kain-Fritsch cumulus parameterization [Kain and Fritsch, 1993] , WRF Single-Moment 5-class microphysical scheme [Hong et al., 2004] , and Rapid Radiative Transfer Model and Dudhia schemes for longwave and shortwave radiation calculations [Dudhia, 1989; Mlawer et al., 1997] , respectively. The 6-hourly data of the National Centers for Environmental Prediction (NCEP)
Final Global Analyses on a 1ºx1º grid is used as the initial and lateral boundary conditions.
The AMSR-E 3-days running mean SST available at RSS are used as the surface boundary condition for the control (CTL) run by interpolating from the 0.25º x 0.25º grid to the model's 15-km grid. Where missing data are reported (mostly near coastal areas), the AMSR-E SST data are processed by spatial interpolation using the General Mapping Tool (GMT) continuous curvature surface gridding algorithm [Wessel and Smith, 2009] . To examine the cold patch effect on the atmosphere, we perform an additional experiment by using SST patterns without the cold patches in the Okhotsk Sea [no cold patch (NCP) run]. For this run, we define the cold patch as a region where SST is 1ºC lower than the basin-averaged SST in the Okhotsk Sea (42º-62ºN, 143º-160ºE), and construct the NCP pattern by replacing SSTs in the cold patches with (the basin-average -1ºC). Each experiment lasts for a month from 1 to 31 August 2006, when both the prevailing surface wind and SST patterns were similar to the climatological means, and the 6 29-days means from 3 to 31 August 2006 are analyzed. We define sea fog as cloud water content at the model's lowest sigma level that exceeds 0.1 g kg -1 . This criterion of cloud water content is in good agreement with in situ observations at the fog layer top [Tardif, 2007] . Frequency of fog occurrence is calculated on each grid using 6-hourly output for the 29-day period. Under the same model configuration, we have performed additional experiments for different years and obtained similar results.
Tidal mixing effect from observations
This section uses satellite and in situ observations to investigate tidal cooling effect on summer climate over the Okhotsk Sea. The cold patch structure on Kashevarov Bank just starts to develop rapidly as SST slowly warms with the increase in downward solar radiation. In July-August, the cold patch on the bank reaches the mature phase with a maximum SST difference from the surroundings exceeding 7 ºC within a 300km radius ( Figure 2b ). Similarly, the cold patch structures are found along the Kuril Islands, inside Shelikhov Bay, and northeast of the Terpeniya Peninsula, all reaching their mature phase in July-August. These cold patches decay in September-October (Figure 2c ), and disappear in November-December, when sea ice starts to be generated ( Figure 2d ).
Cold SST patches
The chlorophyll concentration distribution supports that these cold patches are mainly produced by active tidal mixing ( Figure 3a ). In general, chlorophyll concentration is low at the surface of open oceans, and high in the subsurface and along the coastal line. Chlorophyll in the Okhotsk Sea shows local maxima at the cold patches far from the coast, indicating that nutrient-rich subsurface water is stirred up by strong tidal mixing.
Tidal mixing is ubiquitous in the global ocean but its effect on SST is not always as pronounced as in the Okhotsk Sea. This surface effect is not uniform even in the Okhotsk Sea. Figure 4a shows the July-August climatology of surface wind observed by QuikSCAT.
Wind and cloud
Prevailing surface wind is southerly to southeasterly over the Okhotsk Sea under influence of the Okhotsk high pressure system. The surface southerly wind clearly slows down over the cold patch on Kashevarov Bank, possibly in response to the stabilization of the near-surface atmosphere [Sweet et al., 1981; Wallace et al., 1989; Nonaka and Xie, 2003; Xie, 2004] . While wind speed is about 6 m s -1 over warm SST at 145ºE, 53ºN, it decelerates to less than 4 m s -1 over the cold patch and accelerates to greater than 5 m s -1 again over warm SST north of the cold patch. water reaches a local maximum in July-August, suggesting that the tidal cooling effect not only on SST and wind, but also on cloud development in summer (Figure 5c ).
Sea fog
The local maxima in total cloud liquid water over the cold patches are possibly due to sea fog or low clouds, because atmospheric deep convection does not develop over such cold SST regions. Satellite-based microwave measurements cannot distinguish between sea fog and low clouds like stratus and stratocumulus. For this reason, we use visual observations in ICOADS ship reports to detect sea fog occurrence and investigate where and how sea fog tends to frequently occur in the Okhotsk Sea. SST front to the south [Yuan and Talley, 1996] . On the north (south) flank of the subarctic SST front, the frequency of sea fog occurrence sharply increases (decreases), indicative of advection fog formed by the slow passage of relatively warm, stable air mass over a colder surface. Indeed ship-board atmospheric soundings capture such advection fog under the southerly winds across an SST front east of Japan . Figure 7 presents the seasonal cycle across the Kuril Islands (152.5ºE). As on Kashevarov Bank, the cold patch starts to develop around 47.5ºN in May-June and persists through the rest of the year. The cold patch reaches its mature phase in July-August, and sea fog occurrence attains a maximum at the same time. Over the cold patch in July-August, surface southerly wind shows a local minimum in space and time, and (SAT-SST) also reaches a maximum with its positive value above +1.5ºC, which supports the tidal cooling effect to stabilize the near-surface atmosphere.
To investigate under what condition sea fog tends to take place around the Kuril Islands (148º -156ºE, 43º -50ºN) , we compare histograms of meridional wind, scalar wind, and (SAT-SST) in July-August along with the ratio of fog to non-fog observations, using ICOADS ship reports (Figure 8 ). Consistent with QuikSCAT satellite observation, southerly winds prevail, accounting for 50% of total observations (Figure 8a ). Sea fog tends to occur under southerly winds, suggestive of advection fog formation. Such a tendency is slightly weaker over the northern side of the Kuril Islands possibly due to a complicated interaction between southerly wind and SST gradient. While the mean scalar wind speed is about 5 to 7 m s -1 , sea fog occurrence is more frequent under weak than strong wind ( Figure 8b ). (SAT-SST) is positive on average with a single peak in the range from +0.5 to +1.5 ºC (Figure 8c ). Sea fog tends to take place under positive (SAT-SST), a condition accounting for 65% of the total observations. These observational results lead us to a hypothesis for sea fog formation: Tidal mixing results in cool SST patches and the stabilization of the near-surface atmosphere. The cold patches cool the warm air mass carried by southerly winds and cause sea fog.
Numerical simulations
To test this hypothesis, we use the WRF model to investigate atmospheric responses to the cold patches in the Okhotsk Sea. 
Surface wind and atmospheric stability
Sea fog
Relative humidity at 2m high in the model displays local maxima over the cold patches with their values exceeding 99 %, indicative of sea fog occurrence (Figure 11a ). In fact, the frequency of sea fog occurrence also shows local maxima just over the cold patches, with its maximum exceeding 65 % (Figure 11b ), quite similar to ICOADS observation ( Figure 6 ). The CTL-NCP difference map indicates that tide-induced SST cooling increases sea fog occurrence by more than 20 % (Figure 11c ). Figure 12 illustrates conditions of surface meridional wind, scalar wind speed, and (SAT-SST) when sea fog occurs over the Kuril Islands in the CTL run. The probability density functions are in good agreement with those of ICOADS observations (Figure 8) . Specifically, the CTL run and ICOADS observations agree in that sea fog tends to take place under southerly wind, weak wind speed, and positive (SAT-SST). Our model shows more frequent occurrence of sea fog than ICOADS observations, possibly due to stronger stabilization of the lower atmosphere.
Horizontal warm advection at the model's lowest level clearly exhibits its local maxima over the cold patches (Figure 13a ), because local minima of air temperature are slightly displaced toward downwind of the cold patches (Figures 13b-d) . Such a warm advection enhances the sea fog occurrence over the cold patches. Similar advection effect with downwind phase displacements has been reported over the Kuroshio Extension [Small et al., 2003 ].
Latitude-height section of air temperature in the western part of the Okhotsk Sea depicts a strong surface inversion layer over the cold patches at 51ºN and 56ºN northeast of the Terpeniya Peninsula and Kashevarov Bank, respectively (Figure 14a ). Over these cold patches, SAT is cooled by SST, resulting in positive (SAT-SST) (Figure 14c ). The inversion layer extends about 0.5 km high, representing a stabilization of the lower atmosphere (Figure 14a ). Capped by this inversion layer, cloud water is large below 0.3 km high with local maxima at the sea surface over the cold patches (Figure 14b ), consistent with local maxima in fog occurrence in Figure 6 . While SAT is almost in phase with SST, the local minima of air temperature in the lower atmosphere are tilted northward with height under the influence of the prevailing southerly wind, possibly causing warm advection over the cold patches.
A strong surface inversion layer also forms in the eastern Okhotsk Sea, confined over the cold patch around the Kuril Island (48.5ºN) where sharp SST fronts exist due to the tidal cooling effect and the cold Oyashio Current (Figure 15 ). In this surface inversion layer, cloud water shows a local maximum near the sea surface, indicating frequent fog occurrence around the Kuril
Islands. North and south of the cold patch, on the other hand, (SAT-SST) turns weakly negative.
There, the near surface atmosphere slightly destabilizes due to the surface heating, lifting the cloud water maximum from the surface up to 0.15 -0.3 km high capped by the temperature inversion. Such a cloud water maximum implies low cloud formation with an elevated cloud base.
The cloud base under a high inversion can sometimes develop downward to reach the sea surface.
Actually, Tachibana et al. [2008] have confirmed that such high inversion fog is observed over negative (SAT-SST) regions in the central Okhotsk Sea. Some of their atmospheric soundings depict that the near-surface atmosphere below 950 hPa is filled with fog and low cloud capped by strong inversion layer under negative (SAT-SST) conditions. Consistent with their observations, our model also exhibits sea fog occurrence over such negative (SAT-SST) regions. Figure 16 shows an example of vertical profiles over the eastern Okhotsk Sea in the CTL run. Capped by a strong inversion layer from 0.5 to 0.7 km high, relative humidity reaches 100% throughout a MABL from the sea surface to 0.5 km high, indicating an occurrence of thick sea fog. Because cloud water profile displays a peak at 0.45 km high and a gradual decrease toward the sea surface, sea fog is possibly associated with the downward extension of low cloud. In this case, sea fog occurs under a weakly negative (SAT-SST) condition (-0.74ºC). While high inversion fog under such an unstable condition sometimes takes place over the Okhotsk Sea (not shown), its occurrence is much lower than sea fog under stable conditions.
Summary and discussion
We have used a suite of ship and satellite observations to detect the tidal cooling effect on summer sea fog over the Okhotsk Sea. High-resolution satellite observations capture rich structures of tide-induced cold patches and their imprint on surface wind and cloud water. From ship observations, we have mapped the climatological frequency of sea fog occurrence, which displays a clear signature of cold patches. We used WRF simulations with and without the cold patch effect to test our hypothesis obtained from observational evidences. The model results
show that the tide-induced cold SST anomaly significantly contributes to the sea fog occurrence over the Okhotsk Sea in summer. Our synthesis of diverse observations and model simulations reveals that ocean tidal mixing affects the overlying atmosphere.
The locally-intensified tidal mixing generates cold SST patches in summer on Kashevarov Bank, along the Kuril Islands, northeast of the Terpeniya Peninsula, and inside Shelikhov Bay.
All these cold patches emerge in the same regions every summer, because the tidal cooling effect depends only on the bathymetry and positions of the moon and sun relative to the earth. These cold patches are robust and persist during summer, and therefore have a strong potential to affect the overlying MABL. Indeed, QuikSCAT observations exhibit a reduction in surface wind speed over these cold patches (Figure 4a) , indicative of an ocean-to-atmosphere influence through suppressed atmospheric vertical mixing over the cold SST. Consistent with the atmospheric vertical mixing mechanism, both the ICOADS and WRF simulation show that near-surface stability increases over the cold patches in summer (Figures 7 and 10) . The WRF simulations also display a weak response of SLP, with divergent winds over the cold SST anomaly.
Tidal cooling has a major effect on sea fog in the Okhotsk Sea, as revealed from our climatology of fog occurrence constructed from visual observations from ICOADS ( Figure 6 ).
Sea fog frequently takes place over the major cold patches, with its maximum frequency exceeding 70 % along the Kuril Islands. Around this region, sea fog tends to occur when (SAT-SST) is positive, surface wind is weak, and surface southerly wind advects warm/moist air 13 mass from the subtropics (Figure 8 ). Sea fog frequency in the model has a quite similar pattern to that in observations, with local maxima over the major cold patches where a thick fog layer of 0.3 km deep is capped by a strong surface inversion layer. The local minima of the low-level air temperature are displaced downstream of the local SST minima under the influence of the prevailing winds, causing warm advection to be collocated over the center of the cold patches.
Both the advection effect and local SST forcing to air temperature make a favorable condition for sea fog occurrence. All these characteristics indicate advection fog over cold SST patches maintained by tidal mixing. To our knowledge, the present study is the first to map sea fog occurrence over the Okhotsk Sea and show the ocean tidal mixing effect.
Such results of our climatological analysis are somewhat different from a case study of Tachibana et al. [2008] . The latter suggests that unstable near-surface conditions and strong surface winds are important for sea fog occurrence, based on limited observations during one cruise. In our histogram analysis, (Figure 8 ), sea fog indeed can occur under such high-wind, unstable conditions, albeit rather infrequently. The WRF model captures such sea fog occurrence under unstable conditions (Figure 16 ). The simulated vertical profiles of relative humidity and air temperature are similar to the radiosonde soundings of Tachibana et al. [2008] . In this case, sea fog results from a downward extension of low cloud capped by an inversion at 0.6 km high, while typical sea fog under stable conditions has a vertical peak of cloud water and relative humidity near the sea surface.
What determines the relationship between SST and cloud (or sea fog) ? Xie [2004] proposes that this relationship depends on spatial scale. For basin-scale SST anomalies, static stability plays a major role in low-level cloud cover, with SST negatively correlated with cloud: An SST cooling increases atmospheric stability and low cloud, reducing solar radiation at the sea surface and amplifying the initial cooling [Klein and Hartmann, 1993; Norris et al., 1998; Tanimoto and Xie, 2002] . On the other hand, small-scale warm SST anomalies would induce surface moisture convergence to enhance clouds, resulting in a positive SST-cloud correlation often observed near sharp SST fronts such as the Gulf Stream [Young and Sikora, 2003; Minobe et al., 2008] , the Kuroshio Extension , the Agulhas Current [Liu et al., 2007; Nakamura et al., 2008] , and tropical instability waves of the equatorial eastern Pacific [Hashizume et al., 2001] .
Compared to stratocumulus under the trade-wind inversion, sea fog is trapped in a shallow surface layer over which moisture convergence is small. The tide-induced cold patches are also very strong with large SST differences from the ambient. Because of the thin fog layer and strong surface cooling, SST-induced stability increase dominates, leading to enhanced cloud cover despite the small scales of tide-induced cold patches. Thus SST-fog feedback appears to be positive regardless the spatial scale of SST anomalies.
The WRF simulation with the cold patch structure removed significantly reduces sea fog occurrence by more than 20% along the Kuril Islands, indicating the importance of SST products used for climate models as the lower boundary condition. In fact, SST differs qualitatively and quantitatively among the widely-used products depending on spatial resolution, measuring method, and estimating algorithms. The Okhotsk high is an important feature of summer climate in this region. It often causes unusually cool summer not only over the Okhotsk Sea but also over the eastern Japan by bringing cold air mass from the subarctic [Kodama, 1997] . Nakamura and Fukamachi [2004] show that the thermal contrast between the cool surface of the Okhotsk Sea and the warm landmass to the west intensifies surface easterly anomalies induced by a blocking ridge and produces the cold surface high through the easterly-induced cold advection. Such a thermal contrast is strongest in July, the same season when the ocean tidal cooling effect is strong. Indeed, our WRF simulations show that SLP increases over the Okhotsk Sea, with local maxima over the cold patches. Further analysis of the tidal cooling effect on the Okhotsk high is a subject of our ongoing work. SST difference below -0.5ºC is superimposed (contours at 1ºC intervals). (contours at 1ºC intervals). Difference from the AMSR-E SST is also superimposed (color in ºC). Positive (negative) value indicates a warm (cold) bias.
